Introduction
While passing through the living tissues, photons of ionizing radiation (IR) can produce reactive oxygen species (ROS), classically known as free radicals. [1] Cell dysfunction, cell damage, and cell death could be induced by the interaction of these free radicals with critical bio-macromolecules including proteins, lipids and DNA present in the cell. [2, 3] The production of excessive amount of ROS such as hydroxyl radical leads to oxidative stress, [4] which is considered one of the factors initiating apoptosis (programmed-cell death). [5] Despite the fact that apoptosis is not the only mode of cell death, [6] it has a pivotal contributing role in radiation-induced cell killing effect [5, 7] particularly in some cells such as lymphocytes. [8, 9] Regarding the central role of free radicals in IR-induced cellular insults, any molecule with antioxidant capacity and free radical scavenging ability would be considered a promising radioprotector. Although natural radioprotective agents have less efficiency compared to the synthetic ones, there is a trend in using natural origins due to their low toxicity. [2] Royal jelly (RJ) is a natural food supplement mainly secreted from the hypopharyngeal and mandibular glands of honeybees (Apis mellifera). It consists of different substances including water, proteins, sugar, vitamins, and free amino acids. [10, 11] Features including the efficient antioxidant capacity, free radicals scavenging ability, and also oxidative stress-modulating effect [12] [13] [14] have made RJ attract special attention in many radiotherapy-related studies.
The normalization in oxidative stress and biochemical as well as hematological markers, in irradiated rats treated with RJ, was ascribed to the RJ antioxidant capacity. [14] Furthermore, the protective effect of RJ on radiation-induced oxidative stress was investigated in head and neck irradiated rats. [15] In addition, oral administration of RJ to whole-body irradiated rats, 10 days before and after irradiation, led to a marked increase in antioxidant activities and resulted in a substantial reduction in oxidative stress parameters such as malondialdehyde in their lung and liver samples. [16] Furthermore, studying the protective effect of RJ on radiation-induced oral mucositis in rats revealed its moderating role in oral mucositis-related biochemical and histopathological parameters. [17] Moreover, two clinical trials regarding chemoradiotherapy-induced oral mucositis demonstrated an improvement in the signs and symptoms of oral mucositis and its healing time in RJ-administered head and neck cancer patients. [18, 19] Although there are several reports on the radioprotective effect of RJ in experimental animals, [14] [15] [16] [17] there are few clinical trials regarding its radiation-modifying effect, [18, 19] against radiation-induced apoptosis in particular.
Based on earlier studies indicating the protective effect of RJ against radiation-induced side effects and regarding the role of apoptosis as a biological dosimeter in some radiation-related studies, [20, 21] this work intended to show the radioprotective effect of RJ against radiation-induced apoptosis in human peripheral blood leukocytes with a method combining both the in vivo administration of RJ and in vitro testing of the radioprotective effect. For assessing apoptosis, neutral comet assay was performed for all collected samples. This cytogenetic method has been widely used to measure IR-induced DNA damage and apoptosis in individual cells. [8, [22] [23] [24] [25] 
Materials and Methods

Study population
This is a quasi-experimental study with six healthy male volunteers (mean age 26 ± 4 years and mean body mass index 20.68 ± 2.23) recruited in April and May 2015. The aim of the study with its benefit and risk were explained to the participants. Afterward, informed consent was obtained from all individual participants. The participants were nonsmokers with no history of antibiotics and RJ consumption or medical radiation exposure during last 2 months prior to the blood samplings, and they were asked to keep their usual diets during the course of study. 
Royal jelly administration
The 1000 mg RJ soft gelatin capsules were purchased from Marnys ® Company, Spain. All participants took one 1000 mg RJ capsule orally per day for 14 consecutive days.
Blood sampling
To examine the protective effect of RJ against radiation-induced apoptosis during a 14 days RJ consumption period, peripheral blood samples were collected from all participants on days 0, 4, 7, and 14 of the study. At each sampling time, 2 ml of venous blood was obtained by venipuncture into the heparinized tube from each participant. The collected heparinized samples were equally divided into two aliquots as control and irradiated groups.
Irradiation
Five minutes prior to irradiation, the cell containing microtubes were placed in an ice water phantom and were irradiated using photon mode (6 MV) of a CLINAC (Clinical Siemens Primus Linac). Radiation dose was 4 Gy with the dose rate of 1.8 Gy/min.
Comet assay
In this study, apoptotic as well as nonapoptotic cells in both control and irradiated groups were assessed by the use of neutral comet assay [23] with some modifications, immediately after irradiation and also after a 24 h postirradiation incubation at 37°C in a humidified atmosphere of 95% air and 5% CO 2 .
All materials were purchased from Merck Company, Germany unless otherwise mentioned. The two-window roughened side of the comet assay microscopic slides (Sotooneh, Iran) was precoated with a layer of 1% normal melting point agarose (Fermentas, Lithuania) dissolved in distilled water. 10 µl of whole blood was mixed with 140 µl of 0.75% low melting point agarose (Fermentas, Lithuania) dissolved in phosphate buffer saline. 50 µl of the mixture was overlaid on top of each window of the frosted microscope slides, covered with a coverslip and kept at 4°C for about 3 min to let the gel solidify. Then, the coverslips were gently removed and the slides were immersed in the freshly prepared lysing buffer (2.5 M NaCl, 0.1 M Na 2 EDTA, 10 mM tris-base, 1% Triton X-100, 10% dimethyl sulfoxide, pH 10) for 30 min at 4°C in the dark to digest DNA-bound proteins in order not to limit the DNA migration in the electric field.
Following lysing step, the slides were transferred into the tris-borate-EDTA (TBE) electrophoresis buffer (90 mM tris-base, 90 mM Boric acid and 2.5 mM Na 2 EDTA, pH 8.3-8.4) for 15 min at 4°C to allow the slides to be rinsed. Afterward, the slides were transferred to a submarine horizontal electrophoresis chamber filled with the TBE electrophoresis buffer. Electrophoresis was carried out for 10 min at 20 V and 9 mA at 4°C. Subsequently, the slides were rinsed with distilled water for 5 min so as to anneal DNA and were finally dehydrated in 96% ethanol at room temperature. The air-dried slides were stained with 20 µg/ml ethidium bromide (Sigma) dissolved in distilled water and covered with coverslips for observation. The slides were viewed, and images were captured at ×200 magnification using a fluorescent microscope (E-800, Nikon, Japan) equipped with an excitation filter (510-550 nm) and barrier filter (590 nm) attached to a charge-coupled device camera.
In the comet assay, apoptotic cells appear with a diffuse "fan-like" tail and a small head while normal cells have minimal DNA diffusion with a more defined head [ Figure 1 ]. Slides were analyzed visually for the percentage of apoptotic cells (Ap %); the ratio of apoptotic cells multiplied by 100 to the number of total cells examined. [26] Approximately, 500-700 cells were analyzed for each slide and at least 1000 cells were counted for each sample.
Six experimental parameters were assessed to characterize cellular radiation effects immediately after irradiation (Ap 0 ) and also after the 24 h postirradiation incubation (Ap 24 
Statistical analysis
Data were analyzed using the SPSS version 16 software package for Windows (SPSS Inc., Chicago), and the figure was drawn by the use of GraphPad Prism version 6 software (La Jolla California, USA). The nonparametric MannWhitney U-test and Kruskal-Wallis analyses were used to determine the significance between two and more than two groups, respectively. P < 0.05 was considered as significant. All data were expressed as a mean ± standard deviation.
Results
Prior to the beginning of the study to determine the optimum dose of radiation for inducing apoptosis, an individual whole blood sample was divided into four portions. One was kept as control, and three others were irradiated with different doses of radiation ranging from 2 to 8 Gy and Ap 0 and Ap 24 were investigated by the neutral comet assay. Data obtained from measuring Ap 0 demonstrated no significant differences among various doses of radiation, while, concerning Ap 24 , 4 Gy of X-ray induced a deliberate amount of Ap % [ Figure 2 ]. Therefore, the dose of 4 Gy was selected to irradiate samples in the subsequent experiments.
Results are shown in Table 1 . Considering Ap 0C and Ap 0Rad , no significant difference was found between the two mentioned parameters on various sampling days (P > 0.05). In addition, data did not show a substantial difference, either among Ap 0C or among Ap 0Rad of different days (P > 0.05).
After the 24 h postirradiation incubation, both Ap 24C and Ap 24Rad noticeably showed higher Ap % in comparison with their counterparts, which were immediately measured after irradiation (Ap 0C and Ap 0Rad , respectively), at each sampling time (P < 0.05) [ Table 1 ]. In contrast to Ap 0Rad , which was not markedly different from Ap 0C , Ap 24Rad was significantly higher than Ap 24C on all days (P < 0.05). Based on obtained results, both Ap 24C and Ap 24Rad gradually reduced during the Table 1 ], so a significant decrease was found in each stated parameter after 14 days RJ consumption (P = 0.004 and 0.002, respectively).
In order to directly investigate the role of RJ in attenuating radiation-induced apoptosis, NAp 0 and NAp 24 were also calculated for each sampling time. The results revealed that the mean value of NAp 24 was 8.091 ± 1.890, 6.726 ± 2.710, 4.978 ± 2.130, and 4.395 ± 1.464 on days 0, 4, 7, and 14, respectively. Thus, a marked decrease was found in NAp 24 after 14 consecutive days of RJ consumption (P = 0.009) [ Table 1 ]. However, the mean value of NAp 0 was 0.083 ± 0.381, 0.033 ± 0.265, 0.066 ± 0.560 and − 0.028 ± 0.577 on days 0, 4, 7, and 14, respectively and in contrast to NAp 24 , NAp 0 did not significantly alter during the study period (P > 0.05).
Discussion
Cellular adaptation strategies, leading to cell survival or cell death, in response to the IR in mammalian cells, involve activation of DNA repair pathways, cell cycle checkpoints, and apoptosis. [6] DNA, as the main target of IR, could be influenced by undesirable effects of IR through direct as well as indirect pathways. The latter is a more prominent mechanism due to the presence of water in high concentrations throughout DNA. Indeed, by splitting water molecules, IR could be able to generate free radicals including the hydroxyl radical, which is highly reactive with neighboring macromolecules such as DNA. [1] Based on the fact that excessive amount of ROS, which leads to oxidative stress, has a crucial role in the cellular apoptotic response, [5] the antioxidants and free radical scavengers are capable of postponing or inhibiting apoptosis. [27] RJ is a natural food supplement produced by honeybees, with many pharmacological activities. [11] Several studies have shown its antioxidative activity and free radical scavenging ability with different methods. [10, 12, [28] [29] [30] [31] In this study, no serious side effects of RJ consumption were observed during the course of study. In a randomized placebo-controlled double-blind trial carried out by Morita et al., no serious adverse effects of daily RJ consumption for 6 months were reported. [32] Concerning Ap 0C measured on each sampling day, it could be concluded that 14 days RJ consumption did not significantly change background apoptosis during the course of study.
With regard to irradiated groups, results showed that Ap 0Rad were not considerably different from controls [ Table 1 ]. In agreement with the findings, Tarang et al. found that Ap % in irradiated groups immediately after irradiation were almost similar to those obtained from control samples. [24] Very low and dose-independent Ap 0Rad could be justified by the fact that apoptosis process might be initiated after irradiation, but it still has not been fulfilled to become morphologically detectable. [33] Hence, after irradiation, whole blood samples were incubated at 37°C in 5% CO 2 for 24 h to measure Ap 24Rad , as well. The 24 h incubation was selected to evaluate Ap 24Rad since radiation-induced apoptosis would be measurable after this period of time [26] and the differences between control and irradiated samples could be detectable at this time point. In addition, by the use of neutral comet assay, other investigators performed the evaluation of IR-induced apoptosis after a 24 h postirradiation incubation. [25, 34] In the present trial, incubation of control groups for 24 h at 37°C in 5% CO 2 markedly raised Ap 24C , so that it reached a maximum of around 11.5% on day 0. This spontaneously occurring apoptosis in control groups could primarily be ascribed to the natural ageing and death of the lymphocytes and granulocytes. [35] As anticipated, data revealed a dramatic increase in Ap 24Rad compared to Ap 0Rad on each sampling day. Although Ap % was elevated after the 24 h postirradiation incubation in both control and irradiated groups, Ap 24Rad was considerably higher than Ap 24C on different sampling days [ Table 1 ]. The higher amount of Ap 24Rad compared to Ap 24C on each sampling day confirmed the role of radiation in inducing Percentage of apoptotic cells in control groups measured immediately after irradiation and after the 24 h postirradiation incubation, respectively, c,d
Percentage of induced apoptotic cells in irradiated groups measured immediately after irradiation and after the 24 h postirradiation incubation, respectively, e,f
Percentage of net induced apoptotic cells calculated by subtracting apoptotic cells in control groups from apoptotic cells evaluated in irradiated groups measured immediately after irradiation and after the 24 h postirradiation incubation, respectively, g SD: Standard deviation apoptosis. In agreement with these findings, several studies have proven the induction of apoptosis by IR in different cell types and with different approaches. [5] [6] [7] 23] The decrease seen in Ap 24C during the study period could probably be justified by the increase in pro-inflammatory cytokines [35] and/or changes in the expression of apoptosis-related genes including p53, as the apoptosis-inducing gene, and Bcl-2, as the survival-related gene. [36] Since RJ has both anti-inflammatory and immunomodulatory activities leading to the diminution of pro-inflammatory cytokines, [11, 37] it could be presumed that the effect of RJ on the expression of apoptosis-related genes might be a more justifiable explanation for the reduction in Ap 24C . Supporting these resulting data, by investigating apoptosis in liver and kidney of cisplatin-treated rats, Karadeniz et al., found that positive reactions of Bcl-x L, as an important member of Bcl-2 family, were increased in the RJ-treated group compared to the control one. [38] Since IR principally induces apoptosis through ROS production leading to oxidative stress, [5] the oxidative stress-modulating role of RJ would be considered the possible explanation for the decrease in Ap 24Rad during the course of study. In line with these findings, the ameliorative effect of RJ administration against radiation-induced oxidative stress, biochemical impairments and histological changes in irradiated rats was previously reported. [14] Moreover, less oxidative stress was observed in the RJ-treated irradiated group in comparison with the RJ-nontreated irradiated group in rats undergoing head and neck irradiation. [15] In addition, in another study, a substantial reduction was stated in both oxidative stress and biochemical parameters in RJ-treated whole body irradiated rats compared to the RJ-nontreated whole body irradiated group. [16] The exact molecular mechanism of the radioprotective effects of RJ is not clear. Nevertheless, previous studies demonstrated that antioxidant capacity and free radical scavenging ability of RJ is mainly due to its protein fractions and its polyphenolic compounds including flavonoids. [10, 11, 29] Moreover, it has already been well-documented in the literature that the phenolic compounds are known to counteract oxidative stress by acting as powerful natural antioxidants. [39] The decrease observed in NAp 24 after 14 days RJ consumption could confirm our initial results and could emphasize on the beneficial effect of RJ against radiation-induced ROS. However, because of not being able to detect radiation-induced apoptosis immediately after irradiation, NAp 0 did not significantly change during the course of study.
Electron Microscopy, DNA laddering, flow cytometry, TUNEL assay, in situ end labelling method and comet assay are various approaches applied for detecting apoptotic cells, [40] among which, comet assay is a rapid and simple technique for measuring DNA damage level and detecting apoptosis in individual cells. [22] The consistency of this genotoxicity assay for the detection of apoptotic cells was evaluated in previous studies. [23, 26, 41] In addition, an in vitro study with respect to investigating radioprotective effects of Vitamin C and famotidine against radiation-induced apoptosis in human peripheral blood leukocytes was previously conducted by the use of neutral comet assay. [8] Since healthy participants cannot be exposed to IR so as to study radioprotective effects, the in vivo/in vitro method could be applied in clinical practice.
Although the same sample size was used in some similar papers, [8, 19, 42] it should be noted that the present research is limited by its sample size. Moreover, using a single dose of 1000 mg of RJ per day is another limitation of the study since it was ideal to administer different daily doses of RJ to different groups and compare resulting data. In addition, not measuring the expression of apoptosis-related genes by the molecular biological studies and not investigating the concentrations of polyphenolic compounds and/or the other antioxidants in collected whole blood samples during the course of study are the other limitations. Furthermore, not recruiting the positive control to establish the role of elevated levels of antioxidants as a result of RJ ingestion in obtained blood samples could be considered to be another limitation of the present trial. Therefore, this work will be conducted in future to elucidate the precise mechanism of the action of RJ on inhibition of apoptosis in human blood leukocytes.
Conclusions
From the delineated data in this study, it could be concluded that IR could induce apoptosis in human peripheral blood leukocytes through the formation of free radicals leading to cellular damage. Furthermore, it could be concluded that RJ was effective in modifying radiation-induced apoptosis probably through its antioxidant capacity and free radical scavenging property.
